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ABSTRACT 

Strong,  high- temperature  ceramics  are  defined  as  those 
materials  that  can  withstand  thermal  cycling  without  failure  which  is 
necessary  for  their  use  in  high  temperature  structural  applications. 

For  this  reason,  hot -pressed  Si^N^  and  SiC  are  emphasized.  The  relations 
between  fabrication  parameters,  microstructure  and  strength  are  presented 
for  both  materials.  Other  structural  considerations,  viz.,  resistance 
to  thermal  shock,  impact  and  oxidation  are  reviewed.  Finally,  current 
directions  for  obtaining  improved  and  new  materials  are  discussed. 
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INTRODUCTION 

The  use  of  ceramic  materials  for  high  temperature  structural 

applications  is  minimal.  Early  attempts  in  these  areas  were  unsuccessful. 

A  good  exarple  is  the  post  World  War  II  effort  to  use  ceramics  in  the 

turbine  section  of  aircraft  engines.  These  early  failures  must,  in 

part,  be  attributed  to  three  facts:  1)  the  lack  of  suitable  ceramics 

that  would  withstand  the  stresses  developed  during  thermal  transients; 

2)  the  unavailability  of  design  tools  for  determining  the  stresses 

developed  in  critical  components;  and  3)  the  research  and  development 

efforts  leading  to  the  emergence  of  superalloys  and  cooling  technology, 

which  have  temporarily  solved  many  of  the  material  problems.  Since 

these  early  attempts,  strong  ceramics  resistant  to  moderate  and  severe 

1* 

thermal  shocks  have  been  developed  to  the  stage  of  commercial 
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availability  (1).*  Design  concepts  (2,3,4)  developed  for  brittle 
materials  during  the  interceding  period  are  being  combined  with  new 
design  tools  such  as  numerical  stress  analysis  and  fracture  mechanics. 

In  recent  years,  the  interest  in  high  performance  gas  turbines  for 
transportation  (5)  and  power  generation  (6)  is  again  the  impetus  for 
investigating  structural  ceramics  and  developing  the  technology  fpr 
their  use . 

Candidate  ceramics,  the  subject  of  this  review,  must  satisfy 
two  general  criteria.  First,  and  most  obvious,  they  must  be  chemically 
stable  in  the  high  temperature,  operating  ambience.  Second,  they  must 
have  properties  for  a  reliable  mechanical  design.  These  property 
requirements  depend  on  the  specific  application,  but  in  general,  several 
thermal  properties  can  be  used  to  define  a  class  of  candidate  materials 
most  likely  to  survive  the  transient  thermal  stresses  that  arise  whenever 
the  material  is  cycled  between  room  temperature  and  high  temperature 
ambience.  These  conditions,  which  can  be  very  severe  in  emergencies. 

Bracketed  numbers  denote  references. 
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are  of  particular  concern  because  ceramic  materials  do  not  usually  possess 

sufficient  ductility  to  relieve  large  stresses  without  cracking. 

The  stresses  that  arise  during  thermal  transients  depend 

on  the  changes  in  the  ambience,  the  size  and  shape  of  the  body  (which 

2 

will  be  neglected)  and  the  properties  of  the  material.  The  ambient 
change  can  be  characterized  by  the  temperature  change  (AT)  and  the 
rate  which  heat  is  transferred  from  the  external  body  surfaces  to 
the  ambience  defined  by  a  coefficient,  h.  The  maximum  stress  arises  on 
the  surface;  compression  for  heating  and  tension  for  cooling.  For  the 
case  where  h  =  ”,  i.e.,  the  most  severe  thermal  shock,  the  maximum 
stress  has  the  form: 


a  = 


aEAT 


”  l-p  ’ 


(1) 


where  a,  E  and  \i  are  the  material's  coefficient  of  thermal  expansion. 


elastic  modulus  and  Poisson's  ratio,  respectively.  For  less  severe 


and  more  realistic  shocks  h  «  ”,  the  maximum  stresses  are: 


The  dimensionless  function  ffr”)  ^  1  and  exhibits  a  maximum  ff  )  as  a 

k  ^  max 

function  of  time.  The  coefficient  k  is  the  material's  thermal  conductivity. 
When  a  fixed  value  of  h  is  considered,  f  decreases  with  increasing  k. 
Thus,  for  a  given  thermal  shock  condition,  the  transient  thermal  stresses 
can  be  minimized  by  choosing  a  material  with  small  values  of  a,  E  and  u 
and  a  large  value  of  k.  Because  moderate  values  of  E  and  y  are  desired 
for  structural  rigidity  and  resistance  to  fracture  (see  next  section), 
strong  ceramics  can  be  classified  with  the  two  thermal  properties,  a  and 
k.  It  can  be  shown  that  for  large  bodies  subjected  to  severe  shocks 
(large  h),  a  has  a  more  pronounced  effect  on  the  thermal  stresses 
than  k.  Thus,  ceramics  with  small  coefficients  of  thermal  expansion 
are  the  most  desirable  candidates  for  high  temperature  structural 
applications.  Without  question,  strength  and  thermal  conductivity  are 
also  important  properties. 

Based  on  these  considerations,  silicon  nitride  (Si^N^)  and 
silicon  carbide  (SiC)  have  emerged  as  leading  candidates  (5,8-10). 
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Because  both  materials  can  be  fabricated  by  one  of  several  methods,  there 
exists  a  series  of  materials  with  different  sets  of  properties 
represented  by  the  same  chemical  formula.  For  example,  Si^N^  bodies  can 
be  formed  by  reaction-sintering  (11-143,  hot-pressing,  conventional 
sintering  (15)  and  chemical  vapor  deposition  (16) .  Each  of  these 
methods  and  their  variations  produce  bodies  with  different  amounts  of 
porosity,  different  microstructures  and  therefore,  different  properties. 
Although  each  method  has  its  advantages,  either  from  an  economic 
viewpoint  or  from  a  property  standpoint,  only  the  dense,  strong  forms 
fabricated  by  hot-pressing  will  be  reviewed. 

The  advantages  of  the  hot -pressed  forms  are  related  to  better 
structural  properties.  Relative  to  their  porous  forms  they  are  stronger  (173, 
exhibit  a  higher  thermal  conductivity  (9,113  arid  a  greater  resistance 
to  thermal  shock  (183.  With  regard  to  dense  material  formed  by  other 
means,  the  properties  of  the  hot-pressed  forms  are  still  advantageous. 

Both  Si^N^  and  SiC  can  be  fabricated  by  chemical  vapor  deposition  (CVD3  to 
form  thin  walled  bodies.  Mechanical  and  thermal  properties  of  CVD  Si^N^ 
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have  not  been  reported.  Although  small  specimens  of  CVD  SiC  can  exhibit 
high  strength  over  a  wide  temperature  range  (19),  the  reliability  of  larger 
bodies  is  unpredictable  due  to  a  large  dispersion  in  strength  values  (20) . 

REFEL  Sic,  a  dense  form  fabricated  by  infiltrating  and  reacting  molten 
Si  with  Sic  +  C  powder  compacts  (21) ,  is  the  only  current  contender  to 
hot -pressed  SiC.  Unfortunately,  its  strength  falls  precipitately  at 
1400°C  where  the  excess  (8-12  volume  %)  Si  melts  (22).  The  principal 
disadvantage  of  the  hot-pressed  forms  is  the  extensive  diamond 
machining  required  to  form  engineering  shapes.  Methods  of  hot-pressing 
complex  shapes  have  been  proposed  (22),  but  they  have  not  as  yet  been 
reduced  to  commercial  practice. 

In  reviewing  hot -pressed  Si^N^  and  SiC,  the  known  relations 
between  fabrication  parameters,  microstructures  and  properties  will  be 
emphasized  in  separate  sections.  Other  structural  considerations,  viz., 
resistance  to  thermal  shock,  impact  and  oxidation,  will  then  be  reviewed. 
Finally,  current  directions  for  obtaining  improved  and  new  materials 
will  then  be  discussed.  Before  this  is  started,  the  general  strength  relations 
for  brittle  materials  will  be  reviewed  to  avoid  repetition  in  later  sections. 
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BRITTLE  BEHAVIOR 


Fracture  Mechanics 


It  is  well  established  that  the  presence  of  either  cracks  or 


crack  precursors  (inclusions)  cause  ceramics  to  fail  at  much  lower 


stresses  than  expected  from  theoretical  calculations.  The  Griffith- 


Irwin  thermodynamic  approach"^  to  fracture  relates  the  strength  (S)  to 


the  crack  size  (c) ,  the  elastic  modulus  (E)  and  the  energy  per  unit  are 


required  to  form  the  new  crack  surface  (i.e.,  the  fracture  energy,  y) : 

1/2 


S  =  A  (^) 
c 


(3) 


A  is  a  dimensionless,  geometrical  factor.  This  relation  is  more  simply 


expressed  as 


S  =  A  —  , 


(4) 


where  =  /2yE ,  the  critical  stress  intensity  factor,  is  directly  related 
to  the  magnitude  of  the  stresses  in  the  immediate  vicinity  of  the  crack 
front.  Techniques  exist  to  directly  measure  S,  E  and  K  .  Using  the  above 


relations,  values  of  y  and  c  can  be  calculated. 


Both  equations  show  that  larger  cracks  result  in  lower 


strengths.  Equation  (3)  shows  that  greater  strengths  can  be  obtained 
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by  maximizing  the  material  properties  y  and  E  while  minimizing  the 
crack  length,  c.  These  three  factors  are,  in  part,  related  to  the 
material's  microstructure.  Several  of  these  relations  are  obvious. 
First,  porosity  is  unwanted  since  it  decreases  E.  Second,  since  the 
crack  sizes  responsible  for  the  failure  of  ceramics  are  closely  related 
to  the  size  of  microstructural  features,  higher  strengths  are  usually 
obtained  when  features  such  as  grain  size  and  the  size  of  second  phase 
inclusions  are  minimized.  As  it  will  become  evident,  fracture  mechanics 
can  be  used  as  a  tool  to  understand  the  strength  behavior  of  a  material 
and  to  give  a  direction  for  improving  strength.  In  this  approach, 
relations  between  the  microstructure  and  the  three  strength  controlling 
parameters  y.  E  and  c  are  sought.  These  are  then  related  to  strength 
through  Eq.  (3). 

In  many  materials,  the  crack  size  remains  unchanged  until  the 
fracture  stress.  In  others,  cracks  will  slowly  extend  during  the  period 
of  stressing  until  they  reach  a  critical  size  where  Eq.  (4)  is  satisfied 
for  the  given  applied  stress.  At  this  point  in  time,  crack  extension  is 
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catastrophic.  This  phenomenon  is  known  as  sub-critical  crack  growth  (30,31). 


The  strength  of  this  group  of  materials  depends  on  the  time  spent  under 
stress.  Currently,  stress-rupture  experiments  result  in  the  most 
accurate  strength-time  data  required  for  reliable  engineering  designs. 

In  these,  specimens  are  maintained  at  different  stresses  until  they  fail. 
This  results  in  a  strength  vs  time  plot. 

Two  other  experiments  can  also  be  performed  to  determine  the 
material's  susceptibility  to  sub-critical  crack  growth.  In  one,  the 
rate  of  crack  growth  is  directly  measured  as  a  function  of  the  applied 
stress  (28,32).  Specimens  containing  large,  measurable  cracks  are  used 
for  these  experiments.  The  results  are  expressed  as  the  crack  velocity 
(v)  vs  the  stress  intensity  factor  (K)  to  facilitate  a  fracture  mechanics 
analysis  for  failure  time  predictions.  For  many  materials  the  following 
relation  is  found: 

V  =  BK",  (5) 

where  B  and  n  are  constants.  The  constant  n  can  be  used  to  define  the 
material's  susceptibility  to  sub-critical  crack  growth,  i.e.,  as  n 
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decreases,  the  susceptibility  to  sub-critical  crack  growth  increases. 

The  second  type  of  experiment  involves  measuring  the  material's 
strength  as  a  function  of  stressing  rate  (31,33).  High  stressing  rates 
will  result  in  greater  strengths  because  the  crack  has  less  time  to 
increase  in  size.  Using  log-log  plots  of  these  data  and  assuming  the 
relation  of  Eq.  (5),  it  can  be  shown  that  the  slopes  of  the  resulting 
curves  are  equal  to  1/n+l,  resulting  in  a  measure  of  the  material's 
susceptibility  to  sub-critical  crack  growth.  These  data  are  also 
useful  when  the  engineering  application  requires  strength  data  at 
different  relatively  fast  stressing  rates,  e.g.,  transient  thermal 

stresses . 

The  mechanism  responsible  for  this  phenomenon  will  govern  the 
conditions,  e.g.,  the  temperature  where  a  material  will  exhibit  sub- 
critical  crack  growth.  Glass,  for  example,  is  susceptible  to  sub-critical 
crack  growth  due  to  the  attack  of  atmospheric  water  vapor  (34).  In  liquid 
nitrogen  ambience,  where  water-glass  reaction  kinetics  are  much  slower,  glass 
is  less  susceptible  to  sub-critical  crack  growth  and  therefore  it  appears 
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much  stronger  (35).  Likewise,  but  for  different  reasons,  Si^N^  and  SiC 
exhibit  lower  strengths  at  high  temperatures  where  they  become 

susceptible  to  sub-critical  crack  growth. 

4 

Statistics  of  Strength 

Ceramics  exhibit  a  much  greater  variability  in  strength 
relative  to  ductile  materials.  Also,  the  mean  strength  of  smaller 
specimens  is  greater  than  larger  specimens.  Both  of  these  facts  are 
due  to  the  large  variability  of  crack  sizes  present  in  the  smaller 
specimens  used  for  strength  measurements  relative  to  the  total  range 
of  crack  sizes  and  crack  orientations  present  in  a  large  volume. 

This  presents  a  problem  in  defining  the  engineering  strength  and  in 
comparing  data  obtained  by  different  investigators  who  have  used 
different  size  specimens  and  different  modes  of  testing.  Since  no  tools 
are  currently  available  to  determine  the  distribution  of  cracks,  the 
problem  has  been  approached  through  statistics.  The  approach  will  be 
reviewed  briefly  to  give  the  reader  a  better  background  to  evaluate 
strength  data  presented  in  the  following  sections. 
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Let  S  be  the  probability  that  a  unit  volume  of  material  will 

survive  to  uniform  tensile  stress  a  without  failure.  If  two  similar 

volume  elements  are  combined  in  either  a  series  or  parallel  arrangement 

and  then  brought  to  the  same  stress,  their  probability  of  survival  (S^) 

2 

is  the  product  of  the  two:  =  S  .  Likewise,  for  a  number  of  similar 

V  5 

elements  with  a  total  volume  V,  =  S  .  When  this  concept  is  applied 
to  a  body  with  an  arbitrary  shape  and  stress  distribution,  the  probability 
of  survival  can  be  defined  as 


Sy  =  exp  [- 


f(a)dv] , 


(6) 


V 


where  f(a)  defines  the  statistical  distribution  of  strengths,  obtained 


by  testing  many  specimens,  as  a  function  of  stress.  After  considerable 


experience,  Weibull  (37)  concluded  that 


m 


f(a)  =  (^)  (7) 

o 

was  a  suitable  (but  not  universal)  empirical  distribution  function.^ 
is  a  normalizing  stress  and  m  is  the  Weibull  modulus.  Both  and 
m  are  constants  for  a  material  with  a  given  distribution  of  flaws. 
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The  Weibull  modulus  is  the  more  interesting  parameter 


since  it  defines  the  homogeneity  of  the  material  with  respect  to  the 


distribution  of  cracks.  For  the  case  where  m  =  «>,  all  specimens. 


regardless  of  size,  will  fracture  at  the  same  stress;  for  m  =  0,  each 


specimen  will  have  an  equal  chance  of  fracturing  at  any  stress.  Values 


for  ceramics  usually  range  between  5  and  15,  whereas  values  >  25  are 


common  for  metals.  Thus,  in  engineering  terms,  the  strength  of  a  ceramic 


component  must  be  considered  in  terms  of  its  probability  of  survival, 


It  can  be  shown  that  the  ratio  of  the  mean  strength  of  one 


testing  mode  using  a  specimen  with  a  volume  relative  to  a 


second  testing  mode  given  by 


(O 


/t  V  l/m 


4^1 


m'l  \4^2/ 

2>  the  load  factors  for  each  mode  of  tensile  stressing,  are  related 


(8) 


to  the  amount  of  volume  in  tension.  To  illustrate  this,  let  us  consider 


the  relation  between  the  expected  results  for  3-,  4-point  flexural 


stressing  and  pure  tension  (3  common  testing  modes),  for  the  case  where 


m  =  8  (a  value  reported  for  Si^N^)  (38).  The  respective  loading  factors  (39) 
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are  =  0.0065,  =  0.0225  and  =  1.0.  For  equivalent 

specimen  volumes  (V^  =  V^_p^  =  ,  Eq.  (8)  predicts  that  the  mean 

strength  measured  in  3-point  flexural  loading  will  be  15%  greater 
than  obtained  in  4-point  flexural  loading  and  190%  greater  them  in 
pure  tension.  As  shown  later,  similar  differences  are  obtained  for  Si^N^ 
and  Sic. 

HOT-PRESSED  Si,N, 

3  4 

Fabrication 

Because  of  the  great  interest  in  reaction-sintered  Si^N^  and 
on  ways  of  improving  its  strength,  Deeley,  et  al.,  (40)  discovered  that 
Si^N^  powder  could  be  fully  densified  under  moderate  pressures  at  high 
temperatures  with  the  aid  of  small  additions  of  MgO.  Other  additives 
have  also  proved  successful  (40-42) .  Fabrication  of  high  strength 
material  depends  on  the  type  of  Si^N^  powder  used.  Most  Si^N^  powders, 
manufactured  (43)  by  reacting  Si  with  N2  at  temperatures  >  1100°C 
and  <  1500°C,  contain  a  mixture  of  a-  and  B-Si^N^.  After  earlier 
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misinterpretations  suggested  that  the  a  and  3  phases  were  low  and  high 


temperature  structural  forms.  Wild,  et  al.,  (44)  have  reported  that  the 
structure  of  a-Si^N^  could  be  refined  by  incorporating  1.5  wt  % 
oxygen,  suggesting  an  approximate  formula  of  Si^^  5^15^  S'  They 
reported  that  the  3-phase  was  the  pure  ("low  oxygen  potential")  Si^N^. 
Other  evidence  suggests  that  the  a-phase  need  not  contain  oxygen  (45). 
Also,  Si^N^  is  known  to  form  solid  solution  compositions  with  many 
oxides,  e.g.,  MgO  (46),  Al20^  (41,47),  ^3-20^  (48),  etc.,  which  have 
a  structure  similar  to  the  3-phase.  This  and  other  evidence  suggests 
that  the  a-phase  may  be  the  pure  Si^N^,  whereas  the  3-phase  is  stabilized 
with  selected  impurities.  Regardless  of  the  outcome  of  this  current 
controversy,  Coe  (49)  recognized  that  powders  containing  large  amounts  of 
a-Si^N^  were  necessary  to  reproducibly  obtain  high  strength,  hot-pressed 
material.  This  has  been  confirmed  by  others  (50,51). 

Details  of  the  hot-pressing  procedure  are  given  elsewhere  (52); 
only  a  few  points  will  be  summarized  here.  The  Si^N^  powder  and  the 
required  MgO  additive  are  milled  in  an  alcohol  slurry  which  mixes  the 
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two  powders  and  reduces  their  mean  particle  size.  During  milling,  the 
powder  becomes  contaminated  with  a  fine  dispersion  of  the  preferred 
milling  media,  tungsten  carbide.  The  presence  of  a  small  amount  of  SiO^, 
either  present  in  the  initial  powder  (53)  due  to  oxidation  or  formed 
during  milling  by  hydrolysis  is  important  for  current  theories  e^qplaining 
densification  (54,55).  Densification  of  the  dried,  pre-compacted  powder 
is  performed  in  a  BN  coated  graphite  die  which  is  heated  to  a  temperature 
between  1600  and  1750®C  for  a  period  <  4  hours  under  an  s^plied  uniaxial 
pressure  of  ^  4000  psi.  The  BN  prevents  the  reaction  of  Si^N^  and 
graphite . 

Since  the  densification  kinetics  of  both  a-  and  B-phase  powders 
are  similar  in  all  respects  (55),  the  details  of  the  initial  densification 
theory,  in  which  the  oxygen  content  of  the  a-phase  was  believed  to  play 
an  important  role  (54)  do  not  appear  to  be  correct.  More  recent 
experiments  (55)  have  only  substantiated  the  basic  premise,  viz,,  a  liquid 
phase  forms  at  high  temperatures  causing  rapid  atomic  rearrangement  and 
thus  densification  by  a  solution-reprecipitation  mechanism.  Due  to  the 
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presence  of  MgO  and  Si02,  the  composition  of  the  liquid  is  believed 
to  be  a  magnesium  silicate  containing  soluble  impurities  that  are 
present  in  the  initial  powder.  Since  a  crystalline  magnesium  phase 
cannot  be  detected  after  hot-pressing,  (54)  it  is  suspected  that  the 
liquid  phase  solidifies  to  a  glass  which  remains  at  the  grain  boundaries 
and  triple  points.  Transmission  electron  microscopy  has  only  confirmed 
the  existence  of  a  glass  phase  at  triple  points  (56,57)  but  etching 

7 

studies  (55)  and  other  indirect  evidence  suggests  a  similar  grain 
boundary  phase.  An  Auguer  analysis  of  fracture  surfaces  in  which 
successive  surface  layers  were  stripped  by  ion  bombardment  indicates 
the  presence  of  a  magnesium-calcium  silicate  boundary  phase  (57) .  This 
same  analysis  also  shows  that  a  proportion  of  the  smaller  cations,  e.g., 
Mg,  Al,  Fe,  etc.,  have  diffused  into  the  Si^N^  structure  during 
densification.  Based  on  the  known  structures  of  various  Si^N^-metal 
oxide  solid  solutions,  (47)  the  diffusion  of  MgO  into  the  Si^N^  structure 
can  explain  the  structural  change  of  a  to  B-Si^N^  during  densification. 

As  it  will  become  evident,  the  chemistry  of  the  boundary  phase  plays  an 
important  role  in  governing  the  high  temperature  mechanical  properties. 
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Summarizing  some  of  the  general  microstructural  features,  strong 


dense  Si^N^  is  a  polycrystalline  material  with  a  3-phase  crystalline 

structure.  It  has  a  bimodal  grain  size  distribution  with  an  average 

size  of  1  y  (55,57).  A  glassy  grain  boundary  phase  is  believed  to  be 

present.  Its  grain  morphology  and  the  presence  of  second  phase  inclusions, 

which  are  important  strength  controlling  features,  will  be  discussed 

in  later  paragraphs.  Other  features  such  as  the  dispersed  W-Fe-Si 

particles  and  observed  dislocations  are  reported  elsewhere  (56,57). 

Room  Temperature  Mechanical  Behavior 

Coe,  et  al . ,  (38)  reported  the  mean  3-point  room  temperature 

2 

flexural  strength  of  215  specimens  as  910  MN/m  ,  with  a  Weibull  modulus 

of  7.9.  Recent  data  for  3-point,  4-point  and  tensile  measurements  are 

2 

860,  680  and  410  MN/m  ,  respectively,  in  which  a  value  of  m  =  9.1  was 
computed  from  a  much  smaller  specimen  population  (58) .  Good  agreement 
was  obtained  between  these  data  and  the  values  predicted  with  a  Weibull 
analysis  (see  Eq.  (8)).  Similar  flexural  strengths  have  been  determined 
by  others  for  commercial  and  experimental  materials.  As 
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discussed,  the  strength  of  hot-pressed  is  also  dependent  on  the 

direction  from  which  specimens  are  cut  relative  to  the  direction  of  the 
applied  stress  during  hot-pressing, 

A  fracture  mechanics  approach  to  investigate  the  relations 
between  the  fabrication  parameters,  the  microstructure  and  the  strength 
of  hot-pressed  ^i^N^  has  been  reported  (50)  .  By  fabricating  materials 
with  either  a-  or  g-phase  powders,  then  measuring  the  strength,  the 
elastic  modulus  and  the  critical  stress  intensity  factor,  it  was  found 


that  material  fabricated  with  a-Si^N^  powder  had  approximately  twice  the 
strength  and  twice  the  resistance  to  crack  propagation  (K^)  relative  to 
material  fabricated  in  an  identical  manner  with  B-Si^N^  powder  (see  Table  1) 
After  close  scrutiny  of  microstructural  features,  viz.,  crystal 


structure,  grain  size,  second  phase  inclusion  and  impurity  chemistry, 
it  was  concluded  that  the  only  difference  between  the  two  materials  was 
their  type  of  grain  morphology.  Material  prepared  with  a-Si^N^  were 
textured,  containing  many  elongated  fiber-like  grains  which  resulted  in 


an  irregular  fracture  surface.  The  material  prepared  with  the  B-Si..N 

3  4 
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powder  liad  an  cquiaxed  grain  structure  and  a  much  smoother  fracture 
surface.  This  suggested  that  the  elongated  grain  structure  was 
responsible  for  the  high  fracture  energy  (or  which  in  turn  (see  Eq.  (3)) 

was  responsible  for  the  high  strength  of  Si^N^  hot-pressed  with  a-phase 
powder. 

This  same  investigation  showed  that  depends  on  the  method 
used  to  prepare  the  powders  for  hot-pressing.  The  reason  for  this  is 
not  known,  but  it  might  be  speculated  that  certain  milling  procedures 
(or  hot-pressing  schedules)  optimize  the  development  of  the  desired 
grain  morphology.  for  the  commercial  material  was  reported  as 
5.1  MN(m)'^'^^  (50). 

The  discovery  of  the  elongated  grain  structures  lead  to  a 
hypothesis  that  the  uniaxial  stressing  during  hot-pressing  might  result 
in  a  preferred  grain  orientation  and  anisotropic  strength.  An  x-ray 
diffraction  analysis  confirmed  this  hypothesis,  indicating  that  the 
cylindrical  axis  (the  c-axis  of  the  hexagonal  E-Si^N^)  was  preferentially 
oriented  perpendicular  to  the  hot-pressing  direction  (50)  .  A  similar 
conclusion  was  also  reached  with  a  pole-figure  analysis  (57) .  Flexural 
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strength  measurements  of  bar  specimens  cut  perpendicular  and  parallel 


to  the  hot-pressing  direction  from  a  large  (3  x  15  x  15  cm)  block  of 
commercial  material  showed  that  the  parallel  direction  was  25% 
weaker  than  the  perpendicular  direction  (50) .  This  strength  difference 
is  maintained  throughout  the  temperature  range  studied  (RT-1400°C) . 

Other  properties  such  as  the  critical  stress  intensity  factor  (50) , 
thermal  conductivity  (59)  and  thermal  expansion  (60)  also  exhibit 
different  values  for  these  two  directions.  These  directional  properties 
appear  to  be  caused  by  the  preferred  grain  orientation.  It  has  been 
suggested  that  the  orientation  of  other  raicrostructural  features,  e.g., 
inclusions  and  the  dispersed  tungsten  phase,  may  also  contribute  to 
these  directional  properties  (57) . 

The  reason  for  the  formation  of  the  elongated  grains  is 
uncertain,  but  two  possibilities  exist.  First,  since  a-Si^N^  is 
fiberous  after  nitriding  (11,44)  many  small,  fiber-like  particles  may  be 
retained  in  the  crushed  and  milled  powders  to  result  in  elongated  grains 
which  are  oriented  by  the  uniaxial  pressure  during  hot-pressing. 
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Second,  the  elongated  grains  may  form  during  densification .  Preliminary 

observation  of  microstructures  during  different  stages  of  densification  (61) 

and  close  examination  of  different  Si^N^  powders  by  electron  microscopy  (62) 

gives  more  credence  to  the  second  possibility.  Also,  Lumby  and  Coe  (63) 

have  shown  that  the  achievement  of  theoretical  density  is  not  sufficient 

to  ensure  maximum  strength.  They  suggested  that  the  strength  develops 

after  longer  hot-pressing  periods  due  to  grain  growth. 

One  of  the  most  interesting  aspects  of  Si^N^  is  its  large 

which  means  it  can  support  much  larger  cracks  without  failure  relative 

to  other  ceramics.  This  is  demonstrated  in  Fig.  1  which  is  a 

representative  micrograph  of  a  fracture  surface  containing  a  large  BN 

inclusion  (110  p)  at  the  fracture  origin.  The  flexural  strength  of  this 

2 

specimen  (505  MN/m  )  was  only  a  few  percent  less  than  the  average 

2 

strength  (530  MN/m  )  of  a  group  of  similar  specimens  without  inclusions. 

This  observation  is  significant  for  two  reasons.  First,  it  indicates 
that  the  cracks  responsible  for  the  failure  of  Si^N^  are  several  orders 
of  magnitude  larger  than  the  average  grain  size.  A  fracture  mechanics 
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study  of  the  Si^N^-SiC  composite  system  reached  similar  conclusions  (59) . 
Second,  this  particular  inclusion  illustrates  the  close  relation  between 
fabrication  and  strength,  i.e.,  the  BN  powder  used  to  coat  the  die 
walls  was  incoiporated  when  the  Si^N^  powder  was  poured  into  the  die 
cavity  prior  to  dens ifi cat ion.  By  avoiding  these  and  other  types  of 
large  inclusions  during  fabrication,  it  has  been  shown  that  the  mean 
strength  of  hot -pressed  Si^N^  can  be  significantly  increased  (64). 

High  Temperature  Behavior 

At  high  temperatures,  hot-pressed  Si^N^  exhibits  sub-critical 
crack  growth,  plasticity  and  creep.  All  evidence  suggests  that  these 
properties  are  interrelated  and  due  to  the  presence  of  the  silicate 
grain  boundary  phase  which  becomes  viscous  at  high  temperatures,  allowing 
grain  boundary  sliding  and,  hence  degrading  properties.  As  it  will 
become  evident,  impurities  that  are  either  present  in  the  initial  powder 
or  introduced  during  fabrication,  control  the  viscosity  of  the  boundary 
phase  and  therefore,  the  high  temperature  mechanical  properties. 
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Figure  2  illustrates  the  flexural  strength  (weak  direction) 


vs  temperature  for  two  commercial  grades  of  Si^N^  (65).  As  shown, 
the  strength  of  the  HS-110  material,  which  contains  'v  10  times  the  amount 
of  Ca  and  A1  impurities  relative  to  the  HS-130  material,  begins  to 
degrade  at  a  much  lower  temperature.  At  temperatures  where  the  strength 
degradation  is  significant,  both  materials  exhibit  plastic  deformation 
prior  to  fracture.  At  the  same  temperature,  the  impure,  HS-110  material 
exhibits  more  deformation  relative  to  the  HS-130  material.  Richerson  (66), 
who  was  involved  in  the  manufacture  of  both  materials  has  reported 
similar  data  without  reference  to  specific  impurities. 

Sub-critical  crack  growth  has  been  reported  as  the  phenomenon 
responsible  for  the  strength  degradation  of  Si^N^  at  high  temperature  (65). 
Direct  evidence  for  this  phenomenon  was  obtained  by  observing  cracks  that 
grew  during  stressing.  The  material's  susceptibility  to  sub-critical 
crack  growth  was  measured  (see  previous  section)  by  strength  vs  stressing 
rate  experiments  and  by  obtaining  v  vs  K  data.  As  illustrated  in 
Fig.  3,  strength  vs  stressing  rate  experiments  performed  on  HS-130  Si^N^ 


* 
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show  that  it  is  very  susceptible  to  this  phenomenon  at  temperatures  ^ 
1200°C.  Values  of  n  =  10  to  12  are  obtained.  Similar  behavior  was 
obtained  from  the  v  vs  K  plots  reported  by  Evans  and  Wiederhorn  (67) 
(shown  in  Fig.  4).  These  data  illustrate  that  sub-critical  crack 
growth  becomes  significant  at  temperatures  >  1250°,  resulting  in 
values  of  n  =  10  ±  2.  Stress -rupture  experiments  also  show  that  the 
strength  of  Si^N^  is  strongly  dependent  on  the  time  spent  under 
stress  (20,66).  Sub-critical  crack  growth  was  also  reported  as  the 
cause  for  failure  under  cyclic-loading  at  high  temperatures  (88) . 

At  high  temperatures  the  fracture  surface  topography  is 
significantly  different  than  observed  at  lower  temperatures  (65) . 

As  shown  in  Fig.  6,  a  rough,  crack  shaped  area  is  always  observed. 

In  impure  experimental  materials,  these  areas  contain  secondary  cracks 
which  have  under  cut  portions  of  the  material.  Some  of  these  portions 
protrude  from  the  surface  indicating  that  they  were  plastically  deformed 
during  slow  crack  growth.  Occasionally,  small  inclusions  are  observed 
at  the  center  of  these  areas  illustrating  that  small  pre-existing  cracks 
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slowly  grow  during  stressing  until  they  are  the  size  of  the  rough-shaped 
area.  At  this  point  the  cracked  specimen  can  no  longer  support  the 
applied  load  and  crack  extension  is  catastrophic. 

Since  the  high  temperature  strength  and  fracture  surface 
topography  were  found  to  be  independent  of  the  testing  ambience,  the 
mechanism  responsible  for  sub-critical  crack  growth  must  depend  on  the 
material's  microstructure.  It  has  been  proposed  (65)  that  the  viscous 
grain  boundary  phase  allows  the  highly  stressed  volume  of  material  in 
the  vicinity  of  the  crack  front  to  plastically  deform  causing  the  crack 
to  slowly  extend  by  grain  boundary  sliding.  That  is,  the  crack  velocity 
will  depend  on  the  rate  of  formation  and  the  connection  of  intergranular 
voids  formed  at  the  crack  front.  This  mechanism  is  consistent  with 
the  effect  impurities  have  on  the  high  temperature  strength,  viz., 
material  containing  impurities  that  lower  the  viscosity  of  the  grain 
boundary  phase  would  be  susceptible  to  sub-critical  crack  growth  at 
lower  temperatures  and  thus  exhibit  lower  strengths  relative  to  purer 
material . 
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Based  on  this  hypothesis,  Iskoe  and  Lange  (68)  hot -pressed 


pure  B-SijN^  (+  5  wt  %  MgO)  powder  in  which  controlled  amounts  of  different 
cation  impurities  (as  oxides)  were  purposely  added  prior  to  hot-pressing. 
The  chosen  impurities  are  commonly  found  in  commercial  Si^N^  powders. 

As  shown  in  Fig.  6  only  CaO  had  a  significant  effect  of  reducing  the 
strength  at  1400°C.  The  CaO  also  increased  the  amount  of  plastic 
deformation  prior  to  fracture.  The  relatively  pure  base-line  material 
was  elastic  to  fracture.  It  was  hypothesized  that  the  larger  Ca  cations 
were  unable  to  fit  into  the  Si^N^  structure  during  densification  relative 
to  the  other  impurity  cations.  They  thus  remained  in  the  glassy 
boundary  phase  to  reduce  its  viscosity  and  lower  the  material's  high 
temperature  strength  as  discussed  above. 

After  nitriding  semi-conductor  grade  Si  powder  (Ca  content 
<  160  ppm)  to  obtain  a  relatively  pure  a-Si^N^  powder,  and  then  hot- 
pressing  with  the  aid  of  MgO,  Iskoe  and  Lange  obtained  an  average 
flexural  strength  (strong  direction)  of  335  MN/m^  at  1400°C  representing 
a  40%  improvement  over  the  average  flexural  strength  of  HS-130  Si^N^ 
fractured  at  the  same  temperature,  loading  rate,  specimen  size,  etc. 
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The  steady-state  creep  rate  is  shown  in  Fig.  7  as  a  function 


of  inverse  absolute  temperature.  The  HS-110  material  is  much  more 
susceptible  to  creep  than  the  purer,  HS-130  material.  Kossowsky  (69) 
has  suggested  that  grain  boundary  sliding  is  responsible  for  the  creep 
behavior  and  that  the  viscosity  of  the  boundary  phase,  which  is  controlled 
by  the  Ca  impurity,  is  the  dominant  factor.  In  summary,  all  evidence 
suggests  that  the  high  temperature  mechanical  properties  of  hot-pressed 
Si^N^  are  controlled  by  the  viscous  grain  boundary  phase.  The  viscosity 
at  a  particular  temperature  being  controlled  by  impurities,  and  more 
than  likely,  the  required  hot-pressing  aid.  Grain  boundary  sliding  is 
the  suggested  mechanism  for  sub-critical  crack  growth,  plasticity  and 
creep . 

HOT-PRESSED  SiC 

Fabri cation 

Formed  at  temperatures  <  2000  C,  SiC  has  a  cubic  structure 
known  as  g-SiC;  when  formed  at  higher  temperatures,  it  exists  as  a 
hexagonal  structure  which  has  many  polytypes  all  generally  classified 
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as  a-SiC  (70).  As  discovered  by  Alliegro  (71),  et  al.,  both  a-  and 
B-SiC  type  powders  can  be  densified  by  hot-pressing  with  the  aid  of  a 
second  phase  additive.  The  most  commonly  used  additives  are  Al 
(elemental  or  AI2O3)  and  B  (72)  (elemental,  B^C  or  H^BO^).  Manufacturers 
of  hot-pressed  SiC  prefer  the  AI2O2  additive  since  B  can  result  in 
uncontrollable  grain  growth  at  a  temperature  only  slightly  higher  than 
that  required  to  obtain  full  densification.  Prochazka  (73)  has 
recently  suggested  that  the  grain  growth  phenomenon,  which  results  in  an 
undesirable  large-grain,  low-strength  material,  might  be  controlled 
by  a  grain  growth  inhibitor  such  as  carbon. 

For  the  case  of  the  AI2O2  aid,  SiC  powder  with  an  average 
particle  size  <  3  ym  containing  ^  2  volume  %  ^^2^3  by 

milling,  etc.)  can  be  fully  densified  at  temperatures  >  1950°C  with 
an  applied  pressure  of  4000  psi  (74).  Larger  particle  size  powders 
require  high  temperatures,  A  polished  cind  etched  section  of  a  material 
hot-pressed  with  10  volume  %  shown  in  Fig.  8.  The  lighter 

colored  phase,  which  appears  to  have  been  a  liquid  during  densification. 
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wets  the  darker  SiC  phase.  The  curved  interfaces  suggest  that  the  SiC 

was  taken  into  solution  during  densification .  These  observations 

strongly  suggest  that  a  liquid  phase  forms  at  high  temperatures  causing 

densification  by  a  solution-reprecipitation  mechanism.  Upon  cooling 

the  second  phase  remains  at  the  grain  boundaries  and  triple  points. 

The  second  phase  can  also  be  observed  as  long  (<  0.5  cm),  narrow 
& 

(15-30  u)  streaks  on  polished  sections,  which  form  as  a  result  of  the 
liquid  being  squeezed  into  irregular,  laminar  Void  spaces  present  in 
the  pre-pressed  powder  compacts.  These  streaks  have  been  identified 
as  a  A1  and  0  rich  second  phase  by  an  electron  microprobe  analysis. 

This  evidence  and  an  x-ray  diffraction  analysis  strongly  suggest  that 
this  lighter  colored  phase  is  AI2O2.  Indirect  evidence  also  suggests 
that  an  alumino- silicate  glass  is  present  as  a  third  phase.  This  is  not 
unreasonable  since  untreated  SiC  powder  will  contain  SiO^  when  exposed 
to  air.  The  average  grain  size  can  range  between  0.5  to  >  20  y  depending 
on  the  hot-pressing  temperature  and  the  amount  of  AI2O2  incorporated. 
Dense  SiC  hot -pressed  with  ^2*^3  equi-axed  grain  structure. 
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For  the  case  of  the  B  aid,  the  relations  between  the  starting 


powder,  the  temperature  required  for  densification  and  the  resulting 
microstructure  are  not  clearly  understood.  Several  relations  are  known. 
First  and  most  consistently  observed,  large  particle  size  (>  5  y)  SiC 

r\j 

powders  containing  ^  1  wt  %  B  will  not  densify  at  temperatures  <  2100°C 
(73,74).  Material  densified  at  higher  temperatures  is  composed  of  large 
(>  30  ym  and  occasionally  1  ram)  plate-like  grains  which  results  in  a 
relatively  low  strength  material.  Second,  sub-micron  size  B-SiC  powders 
(with  surface  areas  >  15  M  /gm)  can  be  hot-pressed  at  1950°C  with  small 
additions  of  either  elemental  B  or  H^BO^  (75) .  Prochazka  and  Charles  (75) 
have  observed  the  following  relations.  Sub-micron  powder  that  contains 
a  significant  amount  of  oxygen  (presumably  as  Si02)  result  in  an  equi-axed 
grain  structure  with  an  average  grain  size  of  'v  3  ym.  A  silicate  phase 
was  observed  at  triple  points  in  this  material.  Similar  powders  in  which 
the  Si02  was  removed  by  leaching,  resulted  in  a  microstructure  containing 
many  large  plate- like  grains  within  a  matrix  of  much  smaller  grains. 

Carbon  additions  were  found  to  suppress  the  unwanted,  exaggerated  grain 
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growth  phenomenon.  Whatever  the  cause,  the  microstructure  of  SiC 
hot-pressed  with  a  B  aid  appears  to  be  very  sensitive  to  impurities 
and  temperature. 

Room  Temperature  Strength 

Strong,  hot-pressed  SiC  has  only  recently  become  available 
as  a  commercial  material  (1);  thus,  fewer  engineering  data  exist  for  this 
material  relative  to  Si^N^.  The  commercial  material,  which  is  densified 
with  the  aid  of  Al20^  (or  elemental  Al)  has  all  the  microstructural 
features  mentioned  in  the  previous  paragraphs,  viz.,  an  equi-axed 
grain  structure,  an  average  grain  size  of  'v  2-3  pm  (74,78)  and  a  second 
phase  principally  observed  triple  points.  Strength  measurements 
determined  in  3-,  4-point  flexural  and  tensile  modes  of  stressing  have 
been  reported  as  760  MN/m^  (76,1),  660  MN/m^  (77)  and  310  MN/m^  (78), 
respectively.  Values  obtained  by  flexural  loading  can  exhibit  significant 
scatter  due  to  large  cracks  which  are  introduced  into  the  edges  of  the 
bar  specimens  during  diamond  cutting  (77)  .  As  illustrated  in  Table  2, 
the  scatter  can  be  minimized  and  the  average  strength  increased  by 


careful  grinding  and  beveling  the  edges  prior  to  testing.  Edge  cracks 


were  shown  to  be  a  strength-limiting  factor  for  material  hot-pressed 

with  the  aid  of  B  (75) .  Strength  and  other  properties  of  the  commercial 

material  are  isotropic  relative  to  hot-pressing  direction,  due  presumably 

to  its  equi-axed  grain  structure  (77) . 

The  critical  stress  intensity  factor  has  been  reported  for 

a  number  of  different  hot-pressed  SiC  materials  (78) .  For  the  commercial 

-3/2 

■material,  =  4.1  MN/m  .  Similar  values  have  been  reported  for 

other  experimental  material  with  a  similar  grain  size  (79) .  Values 

-3/2 

for  materials  with  a  large  grain  size  are  much  lower  (2.6  MN/m  ) 

indicating  that  optimum  fracture  toughness  is  obtained  for  smaller 

(<  10  y)  grain  size  material  (77).  The  elastic  modulus  of  hot-pressed 
5  2 

SiC  is  4.42  x  10  MN/m  (9).  Using  this  value,  the  fracture  energy  (y) 
of  commercial  SiC  is  19.5  N/m  which  is  typical  of  other  equi-axed, 
polycrystalline  ceramics. 

Large  second  phase  inclusions  are  rarely  observed  at  fracture 
origins  in  the  commercial  material  primarily  because  fracture  origins 
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are  located  at  the  edge  of  bar  specimens  due  to  cracks  introduced 
during  machining.  Irregular  shaped  pockets  of  the  second  phase 

have  been  identified  at  fracture  origins  (77).  When  the  AI2O2  is  well 
dispersed  and  confined  to  sizes  less  than  several  microns,  it  has  been 
shown  not  to  effect  the  strength  regardless  of  its  volume  content  within 
the  material  (see  Fig.  9).  Attempts  have  been  made  to  correlate  the 
crack  size  responsible  for  failure  with  the  largest  grain  observed  within 
the  fracture  origin.  These  correlations  are  in  reasonable  agreement  with 
values  predicted  from  a  fracture  mechanics  calculation  when  large  SiC 
grains  are  either  purposely  (77)  or  accidently  (by  exaggerated  grain 
growth)  incorporated  (79)  into  a  fine  grain  matrix.  Also,  materials 
with  a  large  average  grain  size  are  weaker  (77,79). 

In  summary,  the  room  temperature  strength  of  hot-pressed  SiC 
is  strongly  dependent  on  the  size  of  microstructural  features,  e.g., 
grain  size,  which  can  easily  be  altered  by  changing  the  fabrication 
parameters.  High  strengths  can  be  obtained  from  materials  with  a  uniform 
grain  size  of  ^  3  y.  Extreme  care  must  be  taken  to  avoid  introducing 


large  edge  cracks  while  machining  test  specimens. 


High  Temperature  Behavior 


The  strength  of  commercial  material  decreases  with  increasing 

tenperatures  as  shown  in  Fig.  10  (77).  At  temperatures  >  1200°C, 

sub-critical  crack  growth  is,  in  part,  responsible  for  the  steady  decline 

in  strength  (77).  Evidence  for  this  phenomenon,  obtained  from  strength 

vs  stressing  rate  experiments,  is  shown  in  Fig.  10.  The  material's 

susceptibility  to  sub-critical  crack  growth  measured  by  this  technique 

is  n  =  21  ±  3  between  1200  and  1400°C.  Since  data  has  not  been 

reported  at  lower  temperatures ,  the  temperature  where  this  phenomenon 

-3/2 

first  appears  is  uncertain.  The  decrease  in  from  4  MNm  at 
lOOG^C  to  3  MNm  at  1400°C  is  also  responsible  for  strength 
degradation  within  this  temperature  range  (77). 

Because  identical  strengths  are  obtained  in  air,  argon  and 
vacuum  at  1400°C  (77)  the  mechanism  responsible  for  the  sub-critical 
crack  growth  appears  to  be  related  to  the  material's  microstructure. 

As  shown  in  Fig.  9,  the  amount  of  the  Al^O^  hot-pressing  aid  does  not 
greatly  influence  the  high  temperature  strength.  Although  these  data 
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do  not  preclude  the  possible  effects  of  on  slow  crack  growth,  the 

introduction  of  CaO  to  SiC  (plus  2  volume  %  AI2O2)  powder  prior  to 
hot-pressing  was  found  to  have  a  significant  effect  (77) .  Strength  vs 
stressing  rate  data  shown  in  Fig.  10  illustrate  that  this  impurity 
increased  the  material's  susceptibility  to  sub-critical  crack  growth 
from  a  value  of  n  =  21  (commercial  material  with  <  100  ppm  Ca)  to 
n  =  6.  The  CaO  addition  also  caused  the  specimens  to  plastically  deform 
prior  to  fracture  and  resulted  in  rough  crack-shaped  areas  on  the 
fracture  surfaces  similar  to  that  found  for  Si^N^  (see  Fig.  5). 

Flexural  strength  data  have  been  reported  by  Prochazka  and 
Charles  (79)  for  two  experimental  materials  fabricated  with  the  aid  of  B. 
One  of  these  was  observed  to  contain  a  silicate  grain  boundary  phase. 
Although  the  low  temperature  strengths  of  these  materials  were  less  them 
the  commercial  material,  neither  were  affected  by  temperature  until  about 
1400°C.  At  higher  temperatures  the  material  containing  the  silicate 


phase  was  the  first  to  degrade. 
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It  is  important  to  note  that  SiC  is  not  intrinsically  weak 
at  high  temperatures.  The  strength  of  G/^D  SiC  is  unaffected  by  temperature 
up  to  IbOO^C  (19) .  Since  this  type  of  material  is  relatively  purer 
than  hot -pressed  materials,  it  is  not  unconceivable  to  suggest  that 
impurities  and  hot-pressing  aids  are  responsible  for  strength  degradation. 
Sub-critical  crack  growth  occurs  in  the  hot-pressed  material  at  high 
temperatures.  It  has  been  shown  that  impurities,  e.g.,  CaO,  effects 
this  phenomenon.  These  observations  strongly  suggest  that  a  viscous 
grain  boundary  phase  is  responsible  for  slow  crack  growth,  which  in 
turn  results  in  lower  strengths  at  high  temperatures. 

OTHER  STRUCTURAL  CONSIDERATIONS 

Thermal  Shock  Resistance 

As  discussed  in  the  introduction,  the  stresses  that  arise 
within  a  body  during  a  thermal  transient  condition  are  related  to  the 
properties  of  the  material,  the  size  and  shape  of  the  body,  and  the 
change  in  the  ambience.  Due  to  the  complexity  of  these  relations, 
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several  simplified  parameters  are  used  in  ranking  materials  with  respect 
to  their  resistance  to  thermal  shock  (7).  Knowledge  of  certain  material 
properties,  viz.,  strength,  elastic  modulus,  Poisson's  ratio,  thermal 
expansion  and  thermal  conductivity,  are  required  in  calculating 
these  parameters.  ^^3^4  highly  ranked  by  such  ratings  (8). 

Simple  thermal  shock  experiments  (relative  to  actual  operating  conditions) 
are  also  used  in  ranking  materials.  Many  of  these  involving  Si^N^  and 
SiC  have  gone  unreported  because  of  their  cursory  nature.  Among  those 
that  have  been  reported,  the  gas  burner  experiments  of  Sanders  and 
Probst  (10)  appear  to  be  the  most  pertinent  as  related  to  the  projected 
applications  of  these  materials.  Cylindrical  specimens  of  23  oxidation 
resistant  ceramics  were  systematically  immersed  into  a  hot  (1200°C), 
high-velocity  (Mach  1),  gas  stream.  Dense  Si^N^  and  SiC  survived 
isothermal  and  cyclic  tests  without  any  signs  of  cracking.  Other  materials 
failed  due  to  thermal  or  mechanical  (gas  loading)  stresses.  In  a 
different  approach,  Schaller  and  Rahaim  (80),  have  computed  the 
transient  thermal  stresses  that  arise  within  a  turbine  vane  subjected 


0t 


38 


to  rapid  cooling.  Known  ambient  changes,  material  properties  and 
size-shape  considerations  were  related  through  computer  modeling. 

The  stresses  were  calculated  using  two  dimensional  finite  element  and 
finite  difference  methods.  The  material  properties  used  were  those 
reported  for  hot-pressed  Si^N^  and  SiC.  Their  results  showed  that 
despite  their  different  properties  (Si^N^  has  lower  values  of  thermal 
expansion  and  elastic  modulus,  whereas  SiC  has  a  higher  thermal 
conductivity)  similar  stresses  (within  10%)  arise  in  both  materials 
for  an  average  heat  transfer  coefficient  (h)  of  0.06  cal  sec  ^cm 
The  maximum  stress  depended  on  the  initial  temperature.  If  the 
statistical  strength  behavior  of  a  material  is  known,  this  type  of  an 
analysis  can  be  used  to  estimate  the  components  chances  of  surviving 
a  particular  thermal  shock.  Such  an  analysis  is  also  required  in 
designing  proof  testing  procedures  to  ensure  the  reliability  of  a 
component  for  given  period  of  operation  (81) . 
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Impact  Resistance 


The  forces  exerted  by  an  impacting  object  can  induce  two  types 
of  damage.  First,  stress  waves  arise  within  the  entire  body  that  may 
cause  failure.  Second,  if  failure  does  not  occur,  surface  cracks  can  be 
introduced  by  the  highly  localized  stresses  at  the  position  of  contact. 

These  cracks  lower  the  strength  of  the  body  when  it  is  subsequently 
loaded  to  failure.  A  third  phenomenon  can  also  occur,  viz.,  the  impacting 
body  can  shatter  without  inflicting  damage. 

Ballistic  impact  experiments  were  performed  on  Si^N^  by  this 
author.  Rectangular  plates  (1.27  x  5.08  cm)  with  thicknesses  of  either 
0.635  cm  or  0.317  cm  were  sinqjly  supported  at  each  end  (support  span  =  3.81  cm) 
and  impacted  with  steel  spheres  (either  0.159  cm  or  0.317  cm  in  diameter) 
traveling  at  100  ±  10  M/sec.  Only  the  thicker  plates  impacted  with  the 
smaller  spheres  survived.  The  surviving  plates  contained  visible  Hertzian 
ring  cracks  which  resulted  in  a  strength  reduction  of  25%  after  a 
subsequent  flexural  strength  measurement.  Graphite  spheres  (0.317  cm  dia.) 
shattered  upon  impact  without  inflicting  damage. 
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The  relative  resistance  of  convmercial  Si^N^  (weak  direction) 
and  SiC  to  surface  damage  inflicted  by  Hertzian  contact  stresses  has  been 
determined  by  using  0.317  cm  diameter  steel  spheres  as  indenters  (82). 

The  critical  force  required  to  induce  surface  damage  was  detected  by 
subsequent  strength  measurements.  The  results  shown  in  Fig.  11  illustrate 
that  4  times  the  force  was  required  to  inflict  damage  into  Si^N^ 
relative  to  SiC.  Once  surface  damage  was  introduced,  SiC  exhibited  a 
greater  rate  of  strength  degradation  for  larger  indentor  forces.  It 
should  be  noted  that  both  materials  had  a  similar  strength  prior  to  the 
introduction  of  surface  damage.  Although  the  criterion  for  the 
formation  of  Hertzian  cracks  is  not  well  established,  several  theories 
suggest  that  the  critical  force  depends  on  the  material's  fracture 
energy  (83,84).  Thus,  because  of  its  greater  fracture  toughness,  Si^N^ 
is  significantly  more  resistant  to  impact  damage  relative  to  SiC. 
High-velocity  sand  erosion  studies  (85)  have  also  ranked  hot-pressed 
Si^N^  above  other  materials  including  plastics,  metals  and  other  ceramics. 
Experiments  are  currently  underway  to  access  the  durability  of  Si^N^ 
for  bearing  applications  (86). 
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High  Temperature  Stability 


Although  neither  material  is  thermodynamically  stable  in  oxygen 
environments,  both  form  stable  silicate  surface  layers  to  render  them 
resistant  to  oxidation  for  extended  periods.  Examples  of  the  oxidation 
behavior  for  commercial  ^^2^4  SiC  at  1260°C  and  1370‘’C  as  reported 
by  Singhal  (87)  are  shown  in  Fig.  12.  Both  exhibit  a  parabolic  rate  law, 
indicating  that  the  reaction  is  limited  by  a  diffusional  process  through 
a  surface  layer.  The  oxidation  resistance  of  both  materials  are  similar 
over  the  temperature  range  shown.  Their  resistance  to  high  temperature, 
high  velocity  gas  turbine  environments  has  also  been  demonstrated  (87) . 
The  hot-pressing  aid  and  impurities  have  a  major  role  in  determining  the 
composition  of  the  protective  silicate  surface  layer.  For  the  case  of 
Si^N^,  Mg  and  Ca  cations  diffuse  to  the  surface  to  form  glassy  and 
crystalline  phases  (88,89) .  For  SiC  hot-pressed  with  AI2O2,  an  alumino¬ 
silicate  glass,  modified  with  potassium  has  been  identified  (90).  The 
glass  phases,  which  are  viscous  at  high  temperatures  govern  the  rate  of 
oxidation.  Thus,  impurities  and  hot-pressing  aids  that  react  with 
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SiO^  to  form  viscous  silicates  will  have  a  profound  effect.  For 
example,  Singhal  has  shown  that  the  oxidation  rate  of  HS-110  is 

3  times  greater  than  the  purer  HS-130  material.  The  amount  of  the 
AI2O2  hot-pressing  aid  also  has  an  in5)ortant  effect  on  the  oxidation 
rate  of  SiC  (90] . 

Very  little  has  been  reported  concerning  the  stability  of 
either  material  in  reducing,  inert  and  vacuum  ambients.  At  temperatures 
>  ISOO^C,  Batha  and  Whitney  (91)  have  reported  that  Si^N^  powder 
dissociated  in  vacuum  and  nitrogen  ambients.  SiC  is  known  to  preferentially 
sublime  Si  in  vacuum  (92) . 

CONCLUDING  REMARKS 

Currently,  the  principal  differences  between  hot-pressed 
Si^N^  and  SiC  can  be  viewed  as  follows.  Hot -pressed  Si^N^  has  a 
greater  fracture  toughness  than  SiC.  This  is  the  apparent  reason  why 
^^3^4  l6ss  susceptible  to  surface  damage  inflicted  during  machining  and 
ballistic  impact.  Based  on  their  differences  in  K^,  Si^N^  can  support 
a  larger  crack  (or  crack  precursor)  without  failure.  Although  second 
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phase  inclusions  are  unwanted  in  either  material,  less  care  need  be 
taken  in  avoiding  moderate  size  100  u)  inclusions  in  Si^^.  When 
care  is  taken,  the  mean  strength  can  be  raised  to  higher  levels  (64) . 

On  the  other  hand,  Si^N^  is  more  susceptible  to  sub-critical 
crack  growth  and  based  on  preliminary  data  for  SiC  (73,93)  less 
resistant  to  creep  at  high  temperatures.  Several  approaches  are  being 
taken  to  improve  the  high  temperature  mechanical  behavior  of  Si^N^. 

Most  of  these  involve  either  modifying  or  eliminating  the  glassy  grain 

boundary  phase.  In  the  first  approach,  attempts  are  being  made  to 

reduce  (or  eliminate)  impurities  that  lower  the  viscosity  of  the  glass  (68)  . 

Calcium  compounds  have  been  the  prime  target  since  they  are  one  of  the 

major  impurities  in  commercial  Si  powder  (and  thus  in  Si^N^  powders) 

and  experimental  evidence  shows  that  they  have  a  significant  effect  in 

degrading  high  temperature  properties.  The  success  of  this  approach 

can  be  measured  by  the  improved  properties  of  the  commercial  HS-130 

Si^N^  over  those  of  the  impure  HS-110  material  and  the  further  improvements 

reported  by  Iskoe  and  Lange  (68)  for  purer  material.  In  the  second 
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approach,  different  hot-pressing  aids  are  being  sought  that  form  more 
refractory  glasses.  Gazza  (42)  has  reported  that  is  effective 

in  both  promoting  densification  and  increasing  the  high  temperature 
strength  relative  to  similar  Si^N^  powders  hot-pressed  with  additions 
of  MgO . 

The  third  approach  is  most  interesting  since  it  leads  to  a 
new  series  of  low  expanding  materials  based  on  the  known  solubility  of 
many  oxides  in  Si^N^  (47).  For  example,  the  solubility  limit  of  AI2O2 
in  Si^N^  Was  estimated  as  'v  70  mole  %  at  1750°C  (46).  These  materials 
have  an  expanded  P-Si^N^  typ®  crystal  structure  believed  to  be  built 
up  of  (Si,M)(N,0)^  tetrahedral  units  (47)  that  share  corners,  where  M 
represents  the  metal  cation.  Thus,  it  is  conceivable  that  the  unwanted 
impurities  can  be  incorporated  into  these  expanded  structures  along  with  the 
excess  SiO^  that  might  otherwise  be  present  in  the  unwanted  grain 
boundary  phase.  Preliminary  data  obtained  by  this  author  indicates  that 
certain  Si2N^-Al202  solid  solutions  do  not  exhibit  plastic  deformation 
prior  to  fracture  at  1400°C.  Flexural  strengths  in  the  range  of 
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45,000  psi  are  also  obtained  at  this  temperature.  Impure  a-Si^N^ 
powder  was  used  to  fabricate  these  materials.  Further  effort  in  this 
area  is  required  before  any  firm  conclusion  can  be  drawn. 

Improved  properties  have  also  been  obtained  by  combining  the 
advantages  of  the  low  thermal  expansion  and  high  fracture  toughness  of 
Si^N^  with  the  high  thermal  conductivity  of  SiC  by  forming  hot-pressed 
Si^N^-SiC  particulate  composites  (59)  .  When  the  average  particle  size 
of  the  Sic  dispersed  phase  is  <  5  m,  the  room  temperature  strength  is 
relatively  unchanged  compared  to  Si^N^  without  the  dispersed  phase. 

At  high  temperatures  the  composites  were  stronger  than  the  matrix  material. 
The  thermal  conductivity  of  composites  containing  0.30  volume  fraction 
of  the  dispersed  SiC  phase  was  40%  greater  than  the  matrix,  suggesting 
that  the  Si^N^-SiC  composite  system  might  have  improved  thermal  shock 
resistance.  Fiber  composite  approaches  are  also  being  studied  to  increase 
the  impact  strengths  of  ^i^N^  and  SiC.  Graphite,  metal  and  ceramic 
fiber  have  been  incorporated  into  Si^N^  and  SiC  powders  prior  to 


hot-pressing  (51,94).  Improvements  have  been  reported  for  some  of  these 


systems,  but  their  long  term  oxidation  resistance  appears  to  be 
questionable . 

The  science  and  technology  of  strong,  high  temperature 
ceramics  is  a  field  of  great  interest  and  rapid  advancement.  The 
mechanisms  presented  to  explain  the  strength  behavior  of  these  materials 
can  be  considered  new  and  controversial.  On  the  other  hand,  they  are 
consistent  with  current  facts  and  have  pointed  a  direction  for  material 
improvements . 
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FOOTNOTES 

1.  The  commercial  materials  discussed  are  those  manufactured  by  the 
Norton  Co.,  Worcester,  Massachusetts. 

2.  See  Ref.  7  for  a  general  review  of  this  subject  pertaining  to 

ceramics . 

3.  See  Refs.  26-28  for  a  general  review  of  this  subject. 

4.  See  Ref.  36  for  a  general  review  of  Weibull  statistics. 

5.  A  similar  concept  can  be  applied  to  surface  areas  instead  of 
volume  elements. 


6.  Weibull  also  suggested  a  three  parameter  function. 


7.  Calculations  which  assume  that  5  volume  %  of  the  liquid  phase  is 
evenly  spread  along  the  boundaries  of  a  1  ym  average  grain  size 

O 

material  result  in  a  boundary  phase  thickness  of  <  200  A  which  would 

be  difficult  to  detect. 

8.  The  streaks,  which  can  be  considered  as  crack  precursors,  can  be 
eliminated  by  either  allowing  sufficient  grain  growth  to  occur 
during  densification  or  by  minimizing  the  presence  of  the  laminar 
void  space  caused  by  density  gradients  during  the  cold  pressing  of 
the  powder  compacts. 

FIGURE  CAPTIONS 

FIG.  1  --  Room  temperature  fracture  surface  topography  of  Si^N^ 
illustrating  BN  inclusion  at  fracture  origin 

FIG.  2  --  Flexural  strength  of  Norton  HS-110  and  HS-130  Si3N4 
(weak  direction)  vs  temperature  (air  ambient) .  (65) . 

FIG.  3  --  Flexural  strength  vs  stressing  rate  data  for  Norton  HS-130 
Si^N^  (weak  direction,  air  ambient)  at  various 
temperatures  (65) . 
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FIG.  4  --  Crack  velocity  (v)  vs  stress  intensity  factor  (K)  data 
for  Norton  HS-130  Si^N^  at  various  temperatures  (67). 

FIG.  5  --  Fracture  surface  topograph  of  Si^N^  at  high  temperatures 
illustrating  rough,  crack  shaped  area  caused  by  plastic 
deformation  during  sub-critical  crack  growth.  Arrow 
points  to  BN  inclusion. 

FIG.  6  --  Flexural  strength  vs  impurity  content  for  Si^N^  fabricated 
with  pure  B-Si^N^  (+  5  wt  %  MgO)  powders.  Impurities 
added  prior  to  hot-pressing  (68) . 

FIG.  7  —  Steady-state  creep  data  for  Norton  HS-110  and  HS-130 
Si^N^  (69). 

FIG.  8  --  Polished  and  etched  section  of  SiC  hot -pressed  with  0.10  volume 
fraction  of  A.I2O2  (74). 

FIG.  9  --  Flexural  strength  of  SiC  vs  the  amount  of  AI2O2  used  for 
fabrication. 

FIG.  10  --  Flexural  strength  vs  stressing  rate  for  Norton  SiC  containing 

<  100  ppm  Ca  and  for  experimental  Sic(+  2  volume  fraction  AI2O2) 

containing  0.2  wt  %  CaO  which  was  intentionally  added  prior 
to  hot-pressing. 
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FIG.  11  --  Flexural  strength  of  (weak  direction)  and  SiC  vs 

a  spherical  indenter  was  forced  onto  their  surface. 

FIG.  12  --  Oxidation  behavior  of  Norton  HS-130  Si^N^  and  SiC  (87). 
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TABLE  I .  EFFECT  OF  SPECIMEN  PREPARATION  ON  FLEXURAL  STRENGTH 

OF  HOT-PRESSED  SiC 


Specimen  Preparation 

Flexural  Strength 
(MN/m2) 

Stcindard  Deviation 
(%) 

Diamond  Cut 

503 

±  22 

3  Sides  Ground 

630 

±  15 

3  Sides  Ground 

670 

±  9 

Edges  Beveled 

TABLE  II.  MECHANICAL  PROPERTIES  OF  Si3N4  HOT-PRESSED  FROM 

a-  AND  B -PHASE  POWDERS 


_ Major  Phase _ 

Powder  After  Hot-Pressing 


Flexural 

Strength 

(MN/m^} 


(MN/m~^/^) 


E 

(GN/m^) 


Y 

(N/M) 


Fig.  1 


RM-56095 


Crack  Velocity  ( m/sec) 


Curve  655091-A 


Stress  Intensity  Factor  (MN  m 
Fig.  4 


Fig.  5 


RM-56097 


Curve  655095-A 


Temperature  (  C) 


Fig.  8 


RM-57848 


Curve  655092-A 


Fig.  11 
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13  abstract 


Strong,  high -temperature  ceramics  are  defined  as  those  materials  that 
can  withstand  thermal  cycling  without  failure  which  is  necessary  for  their 
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structural  considerations,  viz.,  resistance  to  thermal  shock,  impact  and 
oxidation  are  reviewed.  Finally,  current  directions  for  obtaining  improved 
and  new  materials  are  discussed. 
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